.
The problem of stream pollution caused by acid mine drainage has prompted several studies (Leathen, 1952; Leathen, Braley, and McIntyre, 1953a, b; Braley, 1954; Temple and Koehler, 1954;  Ashmead, 1955; Moulton, 1957; Brant and Moulton, 1960) .
These investigators agree that the ultimate source of the sulfuric acid and iron pollutants is the pyritic material associated with coal and coal-bearing strata. Oxidation of these iron disulfides results in the production of ferrous sulfate and sulfuric acid. Subsequent oxidation of ferrous sulfate yields additional sulfuric acid and hydrated oxides of iron. The latter form the unsightly yellow-to-red muds characteristic of streams receiving acid mine drainage.
Iron-and sulfur-oxidizing chemoautotrophs have been isolated repeatedly from acid waters, both in this country (Colmer and Hinkle, 1947 ; Leathen and Madison, 1949; Colmer, Temple, Hinkle, 1950; Bryner et al., 1954; Brant and Moulton, 1960) and in Europe (Ashmead, 1955; Zarubina, Lyalikova, and Shmuk, 1959) , and have been shown to accelerate the rate of oxidation of pyrite and other sulfide minerals. These workers measured pyrite oxidation by titrating for increased acidity, or by determining the release of soluble iron or sulfate-S from the insoluble minerals.
Current interest in the problem of air pollution by sulfur dioxide from the combustion of sulfur-containing fuels and continued concern with the acid mine water problem have stimulated the study of the role of bacteria in the oxidation of the pyritic constituents of coal. Consequently, studies of the iron-oxidizing chemolithoautotroph Ferrobacillus ferrooxidans as an agent for the desulfurization of coal were started; supporting physiological studies of the organism were required to determine the bacteriological, chemical, and physical factors relating to its ability to oxidize the pyrites in coal. The use of iron-oxidizing autotrophs in the removal of pyrite from coal (Zarubina et al., 1959; Ashmead, 1955) and in the secondary recovery of copper and molybdenum from their sulfide minerals has already been reported (Bryner et al., 1954; Bryner and Anderson, 1957; Bryner and Jameson, 1958) .
This study reports the use of the standard Warburg manometric method for studying the oxidation of pyrites in the presence of bacteria. Methods such as flask culture or percolation, used by earlier investigators, required several weeks for a single experiment. In contrast, the Warburg method yielded comparable data in a matter of hours. These studies include investigation of the effect of various physical factors on the rates of oxidation, the role of F. ferrooxidans and Thiobacillus thiooxidans as oxidizing agents, and the susceptibility of various forms of pyritic sulfur to oxidation by bacteria.
MATERIALS AND METHODS
Media and cultures. For growth of F. ferrooxidans, medium 9K (Silverman and Lundgren, 1959) was prepared and contained the following concentration of salts (per liter): (NH4)2SO4, 3.00 g; KCl, 0.10 g; K2HPO4, 0.50 g; MgSO4r7H20, 0.50 g; Ca(NO3)2, 0.01 g; FeSO4 7H20, 44.2 g. The medium was prepared with distilled water and 0.10 ml of 10 N H2SO4 added per liter. The pH is 3.0 to 3.6 without further adjustment. For growth of T. thiooxidans, FeSO4.7H20 was replaced by 10 to 20 g per liter of elemental sulfur (sublimed flowers), which were sterilized separately by autoclaving at 100 C for 3 hr. The pH was adjusted to harvesting procedure of Silverman and Lundgren (1959) . T. thiooxidans was harvested by centrifugation, and residual sulfur was removed by filtration through Whatman no. 1 filter paper (Suzuki and Werkman, 1958) . All cell crops were stored at 4 C in distilled water acidified to pH 3.5 with H2SO4. These conditions of harvesting and storage yielded active cell suspensions with no detectable endogenous metabolism.
Manometric. Oxygen uptake was measured in Warburg manometers in the conventional manner (Umbreit, Burris, and Stauffer, 1957) . Unless otherwise indicated, each Warburg flask contained pyritic material plus 1.0 ml distilled water (acidified to pH 3.5 with H2SO4) in the main compartment, 0.5 ml of cell suspension in the side arm, and 0.2 ml of 20 % (w/v) KOH plus a 2-cm square of Whatman no. 42 filter paper in the center well. The temperature was 30 C. The gas phase was air. Weight of sulfuritic material used in any particular experiment is indicated in the figure legends. Occasionally, to avoid the chance of insoluble substrates clinging to the vessel and side arm walls, the cells were added directly to the main compartment with the substrate.
Pyritic substrates. Description of the sulfuritic materials used for the experiments is given in Table 2 .
To determine whether the oxygen uptake in the presence of resting cell suspensions was a valid indication of pyrite oxidation, parallel experiments with F. ferrooxidans were carried out in shaken flasks, and the release of hydrochloric acid-soluble iron was measured. The experimental flasks (25 ml conical) each contained 100 mg of pyritic sample, an aliquot of a cell suspension containing 0.84 mg bacterial-N, and sufficient H2SO4-acidified water (pH 3.5) to provide a total volume of 4.0 ml. The flasks were incubated for 24 hr at room temperature on a shaker. After incubation the flasks were removed and the contents sampled (described under Materials and Methods) for the determination of released iron. Data obtained in typical experiments (Table 3) showed that in all cases, resting cells of F. ferrooxidans accelerated the release of acidsoluble iron from the pyrite. When comparable samples, such as the two pyrite concentrat"es (samples 29 and 30), were ground to the same mesh size, the rate of oxygen uptake was proportional to the pyrite content of the sample. The data in Fig. 1 show that the oxygen uptake rate with sample 29 (77 % pyrite) as substrate was higher than when sample 30 (60 % pyrite) was used. Factors other than pyrite content are active in determining oxidation rates, however, since the highest rates were obtained with sulfur ball sample 35 (74.5 % pyrite). This sample was also the only one to show significant oxidation at a particle size of -65 mesh ( Table 2) .
Role of T. thiooxidans in the oxidation of pyritic material. Since T. thiooxidans has invariably been found associated with F. ferroxidans in studies of the microflora of acid mine water by ourselves and others (Leathen, 1952; Temple and Koehler, 1954; Brant and Moulton, 1960) , manometric experiments were set up to determine whether this bacterium would accelerate oxidation of pyrite. Chemical analysis showed that sample 34 contained 18.8 % CaCO3 in the form of the mineral calcite (identified by its X-ray diffraction pattern). This sample was completely resistant to oxidation (Table 2 ). When the calcite was removed by refluxing with 2 N HCI followed by extensive washing with distilled water, the sample became susceptible to oxidation in the presence of Ferrobacillus (Fig. 3) . 
DISCUSSION
The dependence on particle size of the rate of oxidation of the pyrite-containing samples (Table 2) was to be expected. It can be estimated that the reduction in particle size from -65 to -325 mesh increased the surface area by a factor of at least 50, so that more pyrite surface was exposed, resulting in an increase in the oxidation rates.
Both Thiobacillus and Ferrobacillus were able to accelerate the oxidation of coarsely crystalline marcasite but not the oxidation of coarsely crystalline pyrite (Table 4 ). In this case the crystal structure of these minerals seems to be a factor in determining their susceptibility to oxidation. The ability of the test cultures to accelerate oxidation of marcasite has little bearing on practical considerations of microbial coal desulfurization, as this mineral is present in only minor amounts in most American and European coals and is rarely a factor in acid-producing mine areas.
The inability of Ferrobacillus to oxidize coarsely crystalline pyrite (Table 4) , while it is able to accelerate oxidation of sulfur ball and coal pyrites (Fig. 1, Tables  2, 3) , is difficult to explain. Those pyrite-containing samples responding to oxidation, including sample 34 after the calcite had been removed (Fig. 3) , have X-ray diffraction patterns identical to that of the coarsely crystalline sample. Investigations concerned with variations in the properties of pyrites (Smith, 1942) have not received the support of more recent researchers (Stanton, 1957; Kullerud and Yoder, 1959 (Fig. 3) . The resistance of this sample to oxidation can best be attributed to the neutralizing capacity of the carbonates. The quantity of CaCO3 present (18.8 %) in the untreated sample was sufficient to neutralize the reaction mixture so that the pH exceeded the upper limit for the activity of this acidophilic bacterium. Upon its removal, the reaction mixture remained acid and Ferrobacillus could exert its effect.
Disagreement exists as to the ability of T. thiooxidans to oxidize pyritic materials. The oxidation of coarsely crystalline marcasite and certain pyrite-containing concretions by this bacterium has been reported (Temple and Delchamps, 1953; Temple and Koehler, 1954) . On the other hand, Leathen et al. (1953a, b) Elemental sulfur produced in the first step could be utilized by T. thiooxidans through the second step, accounting for the organism's presence in acid mine waters. The experiments on the combined activities of F. ferrooxidans and T. thiooxidans (Fig. 2) Table 5 . Thus, it is conceivable that all the available sulfur was oxidized by F. ferrooxidans prior to the addition of T. thiooxidans.
A second consideration concerns the stability of the sulfur produced in Sato's first oxidation step. This sulfur may be in a very active form that will immediately oxidize in air and therefore be unavailable for use as a source of energy by either organism. Thus, unless a stable form of sulfur is produced, the presence of Thiobacillus in mine waters and the ability of Ferrobacillus to oxidize elemental sulfur would both appear to be fortuitous.
From the data presented in this paper the following conclusions may be drawn:
1) The rate of oxidation of pyrite increases with the exposed, i.e., available, pyrite surface ( Table 2) . As a corollary to this, regarding coal desulfurization, the 
